ABSTRACT: As contaminants are often more toxic at higher temper-11 atures, predicting their impact under global warming remains a key 12 challenge for ecological risk assessment. Ignoring delayed effects, 13 synergistic interactions between contaminants and warming, and differ-14 ences in sensitivity across species' ranges could lead to an important 15 underestimation of the risks. We addressed all three mechanisms by 16 studying effects of larval exposure to zinc and warming before, during, and 17 after metamorphosis in Ischnura elegans damselflies from high-and low-18 latitude populations. By integrating these mechanisms into a single study, 19 we could identify two novel patterns. First, during exposure zinc did not 20 affect survival, whereas it induced mild to moderate postexposure mortality 21 in the larval stage and at metamorphosis, and very strongly reduced adult 22 lifespan. This severe delayed effect across metamorphosis was especially 23 remarkable in high-latitude animals, as they appeared almost insensitive to 24 zinc during the larval stage. Second, the well-known synergism between metals and warming was manifested not only during the 25 larval stage but also after metamorphosis, yet notably only in low-latitude damselflies. These results highlight that a more 26 complete life-cycle approach that incorporates the possibility of delayed interactions between contaminants and warming in a 27 geographical context is crucial for a more realistic risk assessment in a warming world. 28 
■ INTRODUCTION
29 Current approaches to assess the risk of contaminants to 30 aquatic ecosystems fail to adequately protect biodiversity.
1−3
31 This may not be surprising as these approaches are developed 32 for single stressors while stressors may interact, 4 often do not 33 include delayed postexposure effects, 5, 6 and ignore geographic 34 variation in the sensitivity to pollutants. 7 However, studies 35 integrating these three key aspects are lacking, yet crucial to 36 arrive at a more realistic ecological risk assessment. This is 37 furthermore important in the context of global warming, which 38 represents a serious threat that may strongly magnify the 39 impact of contaminants. 8−11 Integrating warming into risk 40 assessment of contaminants has therefore been identified as a 41 major challenge for ecotoxicology.
12,13
42
Delayed postexposure effects of contaminants can be equally 43 strong or even stronger than the initial effects during exposure 44 (e.g., refs 5, 6, 14−17). In animals with a so-called complex life 45 cycle, such delayed effects may be revealed or magnified at 46 metamorphosis, which has been identified as a sensitive, 47 stressful event ("stressful metamorphosis hypothesis"). 18 This is 48 because the process of metamorphosis involves substantial 49 Response Variables. We quantified larval growth rates 216 both during the six-day exposure period and during the 217 subsequent first 4 days of the postexposure period. To quantify 218 growth rates, each larva was weighed to the nearest 0.01 mg at 219 the start and at the end of the zinc exposure and again 4 days 220 later using an electronic balance (AB135-S, Mettler Toledo, 221 Zaventem, Belgium). Individual growth rates were calculated as 222 (ln mass final − ln mass initial )/number of days (see ref 50). 223 Rearing vials were checked twice per day for survival and adult 224 emergence. To obtain a detailed picture on when larval 225 mortality occurred we separately considered larval survival 226 during the six-day exposure period and during the remaining 227 postexposure period (until emergence). In addition, we 228 calculated the emergence ratio as the percentage of larvae 229 surviving until the end of the final instar that emerged 230 successfully (i.e., complete emergence without wing malforma-231 tions). To obtain an integrated picture of larval survival and 232 emergence ratio we also quantified the total emergence success 233 as the percentage of individuals initially in the experiment that 234 emerged successfully. Development time was calculated as the 235 number of days between molting to the final instar and adult 236 emergence. Adults that emerged successfully were weighed to 237 the nearest 0.01 mg and sexed. Insectaries were checked twice 238 per day to record adult lifespan.
239
Statistical Analyses. Effects of latitude, rearing temper-240 ature and zinc exposure on the response variables were 241 analyzed with (generalized) linear mixed-models (GLMMs/ 242 LMMs) using the lme4 package 51 in R. 52 In each model all 243 interactions between latitude, rearing temperature and zinc 244 exposure (fixed factors) were included, as well as sampling 245 location nested in latitude as random effect (but see below for 246 survival). Effects on larval survival were tested with a GLMM 247 with binomial error distribution and a logit link function that 248 also included the fixed factor period (before/after zinc 249 exposure) and its interaction with the other fixed factors. For 250 the analysis of emergence ratio and total emergence success, we 251 ran GLMMs with binomial error distribution and a logit link 252 function. The two successive larval growth rates were modeled 253 with a repeated measures LMM that also included the fixed 254 factor period and its interaction with the other fixed factors, and 255 individual as random effect. The models for development time, 256 mass at emergence, and lifespan also included sex as fixed 257 factor, together with its interactions with the other fixed factors. emergence ratio, nor on total emergence success (Table 2; 280 f2
Figure 2a,b), although there were pronounced latitude-specific 281 effects of zinc on these end points (see below). Previous zinc 282 exposure did not lead to a longer development time (Table 2; 283 f3 Figure 3a ), but did result in a lower mass at emergence (main 284 effect Zinc; Latitude-Specific Delayed Effects of Zinc. The survival 320 of French larvae was more strongly reduced by zinc than that of 321 Swedish larvae, especially after the exposure, where zinc 322 reduced the survival of the French larvae by ca. 20% and that 323 of Swedish larvae by ca. 6% (period × latitude × Zinc, Table 1 , 324 Figure 1a,b) . Also the zinc-induced reduction in larval growth 325 rate was stronger in French damselflies (latitude × Zinc, Table  326 1, Figure 1c,d) . While the emergence ratio of Swedish 327 damselflies was not affected by previous zinc exposure, that 328 of French damselflies was reduced by ca. 18% (latitude × Zinc; 329 Table 2, Figure 2a ). This, in combination with the different 330 larval survival rates between the latitudes, resulted in a strong 331 zinc-induced decrease in total emergence success in French, but 332 not in Swedish damselflies (latitude × Zinc; Table 2; Figure  333 2b ). Development time and mass at emergence were similarly 334 affected by previous zinc exposure across latitudes (Table 2) . 335 [Results on life-history differences in the control treatment 336 between damselflies from both latitudes are presented and 337 discussed in Appendix S3.] Figure 2b ). Finally, the strong effect of zinc on 390 adult lifespan was more pronounced at 24°C, but again only in 391 French damselflies (latitude × temperature × Zinc). This 392 indicated a synergistic interaction between the temperature and 393 zinc treatments in French adults (interaction effect size: 394 Hedges' d = 0.17, 95% CI: [0.09,0.24]). 395 We thus observed the expected synergism of metals being 396 more toxic at higher temperatures for larval survival and 397 growth, emergence success and adult lifespan.
9,10 Importantly, 398 the synergistic interactions were mainly delayed (occurred after 399 the exposure period ended) and had a strong geographic signal 400 as these were only present in French damselflies. Despite the 401 concern that trace metals become more toxic at higher 402 temperatures 9,10 and the potential of strong delayed effects of 403 
